In this study, we introduced and tested a new approach to characterize residential magnetic field (MF) exposure. Short-term 20-min MF measurements were obtained by a person who carried out instantaneous spot measurements in residences. Compared to spot measurements, the 20-min measurement could potentially improve exposure assessment, because it contains information of temporal variations of MF, which have been suggested as biologically important characteristics of MF exposure. We have used this new exposure assessment method on a study of maternal MF exposure and reproductive outcomes. To validate the new method, the exposure of 30 subjects was measured with a more accurate ''gold standard'' method (24 h personal exposure measurements). The measures of validity used were the Spearman correlation coefficient (r), sensitivity, and specificity. We evaluated the validity of the 20-min measurements for estimating several different exposure metrics for the entire 24 h measurement period or for the hours spent at home: arithmetic mean, median, percentage of time above 0.15 mT, standard deviation, rate of change metric, standardized rate of change metric, constant field metric, and three metrics for the occurrence of high-peak exposures. The 20-min measurement was modestly associated with standard deviation and the rate of change metric, but gave very little information of other metrics of temporal variation. The 20-min measurement can also be used for assessing exposure metrics such as arithmetic mean and median, but it does not seem to offer any advantages compared to traditional 'spot' measurements. The 20-min measurement was not useful for assessing occurrence of high-peak exposures. We conclude that the 20-min measurement is useful for estimating some aspects of MF temporal variability.
Introduction
Exposure assessment is a critical matter in epidemiological studies. In an ideal study, exposure would be known for the whole relevant exposure period during which the disease develops. Long-term measurements may be used to achieve comprehensive exposure data, but they are expensive and demanding to carry out. Short-term measurements are frequently used in epidemiologic studies, which makes it necessary to study the validity of short-term measurements for estimating long-term exposure.
Exposure assessment of studies on the health effects of extremely low-frequency (ELF) magnetic fields (MFs) is further complicated by the fact that it is not known as to which exposure metric is the most pertinent for the possible biological effects (Neutra and Delpizzo, 2001 ). Time-average MF (or alternatively, the product of MF strength and time) has been used in most epidemiological studies. However, more than a few alternative metrics have been proposed (Morgan et al., 1995; Villeneuve et al., 1998; Schoenfeld et al., 1999; van der Woord et al., 1999; Hansen et al., 2000; Schuz et al., 2000; McDevitt et al., 2002) , including such metrics as time above a threshold or time within an exposure range, field intermittency (rate of change), field stability, and maximum MF, and some of them have been recently tested in epidemiologic studies (Auvinen et al., 2000; Foliart et al., 2001 ; Levallois et al., 2001; Lee et al., 2002; Li et al., 2002) .
Results on the validity of short-term measurements for estimating long-term time-average exposure have been published (Delpizzo et al., 1991; London et al., 1991; Delpizzo and Salzberg, 1992; Yost et al., 1992; Kaune and Zaffanella, 1994; Schuz et al., 2000 , but not much is known about the usability of short-term measurements for estimating other exposure metrics. It has been shown that residential point-intime ''spot'' measurements can be used to estimate (in addition to time-average MF) time spent above an MF threshold (Juutilainen et al., 1996; Eskelinen et al., 2002) .
Spot measurements do not give any information about the temporal variability or stability of the MF. As discussed above, these properties may be significant from the point of view of biological effects. Here, we introduce a new exposure assessment method, which is as easy and inexpensive as spot measurements. The idea is that the person who makes the spot measurements in residences also carries a recording personal exposure meter. With our spot measurement procedure, this produces about a 20-min recording that includes information of the general MF level in the residence, as well as its spatial and temporal variation. We have used this new exposure assessment method in a study on maternal MF exposure, conception delay, and birth weight. To validate the new method, a ''validity study'' (Armstrong et al., 1995) was carried out: a more precise ''gold standard'' method (personal 24 h MF measurements) was used to assess the exposure of a subsample of the subjects. The results of the validity study are reported here.
Materials and methods

Selection of the Study Subjects
Short-term measurements (spot and 20 min) were made in residences of about 300 women as a part of the epidemiological study. A subsample of 30 subjects was selected for this study. To increase the variation of MF exposure, and to ensure inclusion of the epidemiologically interesting higher end of the MF exposure distribution, we selected 15 subjects living in houses with measured spot MFs from 0.1 to 1.0 mT. Other 15 subjects were selected randomly by picking every 10th woman from an alphaphetical list of participants of the epidemiological study. The oversampling of higher MF exposures leads to optimistic correlation estimates; the study tests whether the new method is able to differentiate between high and low exposures, but does not generate correlation estimates valid for the source population.
Short-term Measurements
The 20-min measurements were obtained by the person who carried out instantaneous spot measurements in the residences of the study subjects. He/she carried a personal exposure meter (Positron, series x378100) at his/her waist during the time of the visit. The meter was set to register MF every 5 s. The starting and finishing time of each visit was recorded in a measurement diary. The Positron data were transformed to a suitable format for further handling with a spreadsheet program (Excel 97). The calibration of the personal exposure meter was checked periodically in reference to MFs produced with a two-coil calibration system.
Long-term Measurements
For the long-term measurements, the women carried the Positron meter during a 24-h period. At night, the meter was kept on a bedside table. The sampling interval was 5 s. A 12-h period from 8 pm to 8 am was extracted from the 24 h data to represent time spent only at home.
Exposure Metrics
Standard deviation (SD) of the measured MFs is a simple metric used for estimating field variability in several studies (Villeneuve et al., 1998; Schuz et al., 2000; Lee et al., 2002) , and was also calculated in this study. Two estimates of field variability or stability, the rate of change metric (RCM), and the standardized rate of change metric (RCMS) were calculated according to Burch et al. (1998) and Yost (1999) . The RCM is defined as
where MF 1 and MF 2 are successive 5s-MF measurements and n is the number of measurements within a given exposure period. The RCM provides an estimate of both the variability and the first-lag autocorrelation in a series of measurements (Burch et al., 1998) . RCMS estimates the first lag autocorrelation, defined as RCMS ¼ RCM=SD where SD is the standard deviation of the MF over the time interval for which the RCM is calculated. Low RCMS values correspond to relatively small differences between successive measurements and represent MF exposures that are stable over time (Burch et al., 1998) . As a measure of field stability that we call constant field metric (CFM), we calculated the total sum of the lengths of all periods of time during which the magnetic field was greater than 0.15 mT, and at least three consecutive readings were the same, which means a constant field during at least 10 s. According to Litoviz et al. (1991 Litoviz et al. ( , 1997 , biological effects can be observed if MF is stable at least for 10 s. It can also be assumed that a threshold is needed for biological effects. Field stability is given as a percentage (%) of time against the total measurement time. A similar kind of constant field metric with a 0.2 mT threshold has been previously used by Zaffanella and Kalton (1998) .
In addition to the metrics describing field variations, we also used the conventional arithmetic mean and median as well as percentage of time above the threshold of 0.15 mT.
Recent studies by Li et al. (2002) and Lee et al. (2002) found that clinical miscarriages increased if the maximum value recorded during a 24 h personal measurement exceeded 1.6 mT. Therefore, we evaluated whether the maximum value of the 20-min measurements is useful for predicting the occurrence of high MFs during the 24-or 12-h measurements.
Statistical Analysis
The validity of the selected exposure metrics calculated from the 20-min measurements was evaluated by comparing them to the corresponding metrics calculated from the 24 or 12 h data. However, this was not considered adequate for the maximum values: the maximum of the 20-min measurement apparently is not related to very short-term peak exposures (up to tens of mT, probably due to the use of electric appliances), but might nevertheless give some information of the probability of high exposures, because a high maximum indicates that high fields exist in at least one spot in the residence. Therefore, the 20-min maximum was compared to time spent above the two relatively high thresholds in the 24 or 12 h data. The Positron meter produces classified data. Therefore, the lower limits (0.58 and 1.17 mT) of two of its exposure bins were used as thresholds in this analysis.
The measures of validity used were the Spearman correlation coefficient (r), sensitivity, and specificity. For calculation of sensitivity and specificity, the continuous exposure data were dichotomously classified so that the median values of both the spot measurements and the gold standard were used as cutoff points between those classified as ''exposed'' and ''unexposed''. Median values were placed in the ''exposed'' category. Sensitivity and specificity were calculated from the resulting misclassification matrices (Armstrong et al., 1995; Rothman and Greenland, 1998) . Sensitivity is the probability that a subject truly exposed will be classified as exposed. Specificity is the probability that a subject truly unexposed will be classified as unexposed.
Results and discussion
Three 24-h measurements had to be discarded, because the personal exposure meter showed an unvarying MF for several hours, demonstrating that it had been left at a fixed position, and was thus not measuring personal exposure. One short-term measurement was not included in the final analysis, because the measurement period was much shorter than 20 min. Satisfactory 24 h and 20 min personal exposures were obtained for 26 women, which is the number of subjects in the final analysis.
The Spearman correlation coefficients (Table 1) are, in general, lower than in studies where short-term measurements have been compared to long-term measurements conducted at a fixed point (Juutilainen et al., 1996; Schuz et al., 2000) . Rankin et al. (2002) reported a Spearman correlation of 0.74 between point-in-time MF measurements and personal exposures, but the personal exposure measurement was limited to exposure in the home. Studies on the correlation of spot measurements with total 24 h personal exposure have shown correlations from 0.37 to 0.77 for timeweighted average exposure (Armstrong et al., 2001; Eskelinen et al., 2002) and from 0.41 to 0.74 for threshold-type exposure metrics (Eskelinen et al., 2002) . It is of interest that, in the present data, the correlations with total 24 h exposure are not generally lower than those with the 12 h spent at home. This suggests that exposure at home largely determines the 24 h exposure, which is also supported by the fact that the correlations between 12 h and 24 h exposures were high for many exposure metrics ( Table 2) .
The 20-min measurements do give some information about the temporal variability of MF (Figure 1 ). This is particularly clear for RCM and SD. The scatterplots for these two exposure metrics suggest otherwise good correlations between the 20-min and 24-h measurements, but three study subjects had very high 24 h values compared to their 20 min values (the same three subjects had exceptional values for both SD and RCM). These three ''outliers'' explain why the correlations, sensitivities, and specificities are relatively low (Table 1) , in spite of the visually relatively good correlations. If these three subjects are excluded from the analysis, the Spearman correlation coefficients for the 24 h data improve to 0.61 for RCM, and to 0.71 for SD. The elevated 24 h variability of these three subjects cannot be explained only by strongly varying MF exposures outside the home. As shown in Figure 2 , two of them have high MF variability also in the 12 h data. It seems that in these data, the RCM and SD measure the same aspects of MF variability: Figure 1a and b are very similar, and there is only little variation in RCM/SD ( ¼ RCMS; Figure 1c ). Both Figure 1d and the measures of validity reported in Table 1 support the conclusion that the 20-min measurement is not good for estimating the CFM. The arithmetic mean and median of the 20-min measurements were correlated with the corresponding metrics calculated from the 24 and 12 h data (Figure 3) . However, the 20-min measurements were not better than spot measurements for predicting long-term average exposure. For example, the residence-specific mean of spot measurements produced Spearman correlations of 0.77 for arithmetic mean, and 0.62 for median of the 24-h measurement (Eskelinen et al., 2002) , which are higher than the correlations shown in Table 1 . Also, the sensitivities and specificities (Table 1) were lower for the 20-min measurements than those found for the spot measurements (Eskelinen et al., 2002) .
The 20-min measurement also has some value in predicting time spent above a threshold (Figure 3c) . However, the Spearman correlations, sensitivities, and specificities are lower than those we found for predicting this exposure metric by spot measurements.
The 20-min maximum MF seems to give little information about the 24 and 12 h MF exposure above 0.58 mT, or above 1.17 mT, and is not helpful at all in predicting the maximum of 24 or 12 h exposure ( Figure 4 and Table 1 ). Overall, the 20-min maximum MF may not be very useful in predicting occurrence of high exposures in the 24 h data. We conclude that the 20-min measurement does not offer any advantages compared to spot measurements for assessing exposure metrics such as arithmetic mean and median, or time spent above a threshold. The 20-min measurement was not useful for assessing occurrence of high-peak exposures, either. However, it does give some information about temporal variability, and is thus a useful addition to spot measurements.
